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Sense organ development in the Drosophila antenna is initiated by the selection of a founder cell from an epidermal field.
This cell is believed to recruit neighbours to form a cluster of cells which then divides to form a mature sense organ. In most
systems so far studied, sense organ type appears to be specified by the identity of proneural genes involved in the selection
of precursors. The regulation of proneural gene expression is, in turn, controlled by the prepatterning genes. In the antenna,
the only known proneural function is that of atonal, a gene that is involved in founder cell choice in the sensilla
coeloconica, and no prepatterning gene function has yet been demonstrated. In this study, we show that Lozenge, a protein
which possesses a DNA binding domain similar to that of the Acute myeloid leukemia-1/Runt transcription factors,
functions in a dose-dependent manner to specify the fate of the other two types of sense organs in the antenna: the sensilla
trichoidea and the sensilla basiconica. Our results suggest that Lozenge may act on the epidermal field, resulting in founder
cells acquiring specific cell fates that lead to the development of an appropriate type of sense organ. © 1998 Academic Press
Key Words: lozenge; olfactory sense organ; cell fate specification; antenna; runt.
INTRODUCTION
The Drosophila antenna is a promising model for the
study of how diverse sense organs are generated and pat-
terned on the epidermis. The adult fly has about 450
sensory hairs on the third segment of the antenna which are
of three morphological types—sensilla basiconica, sensilla
trichoidea, and sensilla coeloconica (Venkatesh and Singh,
1984; Stocker, 1994). These are organised in a distinct and
relatively invariant pattern on the surface of the antenna.
The mechanisms underlying sense organ development have
been addressed recently (Ray and Rodrigues, 1995; Reddy et
al., 1997), but little is known about how selection of sense
organ type occurs.
Since the position occupied by a morphological type of
sense organ is broadly conserved, it is likely that specifica-
tion of sensillar type is influenced by the position of the
sensory progenitor on the disc epidermis. Evidence accumu-
lating from studies on the central and peripheral nervous
systems of the Drosophila embryo and the adult supports
this idea (Goodman and Doe, 1993; Parras et al., 1996;
Skeath and Doe, 1996). The selection of a neuroblast or a
sense organ precursor (SOP) at a particular position depends
on a hierarchy of genes (Rodriguez et al., 1990). The
patterning genes—engrailed, hedgehog, decapentaplegic,
and wingless—specify the coordinates of the epidermis and,
in turn, influence expression of the so-called prepatterning
genes (Simpson, 1996; Gomez-Skarmeta et al., 1996; Heit-
zler et al., 1996). The latter class of genes regulates the
regional expression of proneural genes (Campuzano and
Modolell, 1992; Ghysen et al., 1993). The sensory or neural
precursor is selected from the proneural domain through a
mechanism involving lateral inhibition (reviewed in Simp-
son, 1990).
The patterns of development of the three sense organ
types share several similar features. Each sense organ is
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prefigured by a single progenitor or founder cell (FC) which
is selected from the unpatterned epidermis of the antennal
disc during pupal life. This is followed by the appearance of
groups of cells at the position of each FC, which together
define a presensillum cluster (PSC). The FC does not itself
divide, and the cells of the PSC are not related to each other
by lineage, suggesting that the decision to form part of a
sense organ involves cell–cell interactions (Reddy et al.,
1997). All the cells in the PSC divide once and these cells
differentiate to form the neuronal and support cells of a
single sensillum.
The proneural genes so far studied all encode basic
helix–loop–helix (bHLH) transcription factors; the best
known being the family encoded by the achaete scute
complex (AS-C). Interestingly, the genes of this complex are
not utilised during selection of the olfactory precursors in
either the antenna or the maxillary palp (Reddy et al., 1997)
although atonal (ato), which also encodes a bHLH protein,
has been shown to act as the proneural gene for the sensilla
coeloconica (Gupta and Rodrigues, 1997). In null ato mu-
tants, all sensilla coeloconica fail to form, while sensilla
basiconica and sensilla trichoidea develop normally and
occupy their normal positions on the antennal surface. The
proneural genes that act in the specification of the precur-
sors of the basiconic and trichoid sensilla are as yet un-
known. Ectopic expression of Extramachrochaete (Emc), a
negative regulator of bHLH transcription factors (Van
Doren et al., 1992, 1994), in the developing antennal disc
interferes with the formation of all olfactory sense organs
(Gupta and Rodrigues, 1997). This suggests that the uniden-
tified proneural genes for the sensilla trichoidea and sensilla
basiconica on the antenna encode bHLH transcription fac-
tors.
The development of the basiconic and trichoid sense
organs is affected by mutations in the lozenge (lz) locus
(Green and Green, 1949; Stocker et al., 1995; Batterham et
al., 1996). These defects arise early during development of
the antennal disc (Lienhard and Stocker, 1991; Ray and
Rodrigues, 1995). Apart from its early role at the level of
specification of FCs, Lz also acts in the differentiation of the
sense organs and some alleles have been shown to affect the
morphology of the sensilla coeloconica (Gupta and Ro-
drigues, 1995; Riesgo-Escovar et al., 1997). Adults mutant
for strong hypomorphic alleles show a strong reduction in
both basiconic and trichoid sense organs, while weaker
allelic combinations affect only the sensilla basiconica.
Interestingly, animals mutant for alleles of intermediate
strength show a decrease in the numbers of sensilla basi-
conica and an increase in the numbers of sensilla trichoidea
compared to wildtype. This implies that the dosage of lz1
activity is important in determining sense organ type. In
order to test this hypothesis, we examined the effect on
sense organ development of varying Lz levels using a
heat-shock transgene, in wildtype and lz mutant genetic
backgrounds. Our results suggest that Lz directly plays a
dose-dependent function to regulate the choice between the
fate of the two types of olfactory sense organs.
MATERIALS AND METHODS
Fly Strains and Antibodies
Canton-S was used as the wild-type strain in most experiments.
The P-(lacZ ry1) strain A101.1F3 contains an “enhancer-trap”
insert in the neuralized gene and has been used previously to mark
developing olfactory precursors (Ray and Rodrigues, 1995). The
temperature-sensitive alleles of lz–lzts1, lz50e, and Df(1)10-70d/FM7
strains were kindly provided by Reinhard Stocker, University of
Fribourg (Stocker et al., 1995). lz114 v was isolated as an intragenic
modifier of the lzts1 phenotype (Gupta and Rodrigues, 1995). w lzr1
was isolated as an imprecise excision of lzSprite (Daga et al., 1996).
w; hs-BT/CyO is the transformant strain which contains the lz
cDNA under the hsp-70 promoter (A. Daga, K. Dumstrei, and U.B.,
unpublished). This strain will be referred to in the text as hs-lz.
Details of marker and balancer strains can be found in Lindsley and
Zimm (1992).
Anti-Lz antibodies were generated by immunisation with a
peptide from conceptual translation of the lz cDNA sequence (G.
Flores, unpublished) and used at 1:25 dilution. Antibodies to
bacterial b-galactosidase were obtained from Boehringer Mann-
heim (Germany) and used at 1:2000 dilution.
The white prepupal stage is designated as the beginning [0 h after
puparium formation (APF)] of pupal development for all of our
analyses. For staging, white prepupae were collected and allowed to
develop further on a moist filter paper at 25°C. When pupae were
exposed to other temperatures, ages were normalised with respect
to growth at 25°C (Ashburner, 1989).
Heat-Shock Procedure
Early to mid-third-instar larvae and pupae less than 10 h APF
were collected in fresh food vials. They were pulsed twice at 37°C
for 30 min with an interval of 2 h at 25°C. Animals were then
returned to 25°C and allowed to develop to adulthood. Where
necessary the pupae were dissected out of their pupal cases.
Cuticle Preparation
Antennae were dissected in Ringer’s solution and mounted in a
drop of Faure’s mountant (30 ml glycerol, 30 g gum arabic, 50 g
chloral hydrate, 50 ml distilled water). Slides were kept overnight
at 70°C to clear the specimen. For estimation of sensillar numbers,
images were projected onto a video monitor using a CCD camera
attached to a Zeiss Axioscope microscope.
Immunohistochemical Staining
Discs were dissected and fixed as described previously (Ray and
Rodrigues, 1995) and incubated in primary antibody appropriately
diluted in phosphate-buffered saline containing 0.1% Triton X-100
(PTX). Incubation in the antibody to bacterial b-galactosidase was
carried out for 1 h at room temperature while the Lz-specific
antibody was used overnight at 4°C. The anti-Lz serum was
preadsorbed against cuticle and imaginal discs from lzr1 larvae at
4°C overnight prior to use. After incubation, discs were washed in
PTX and treated with biotinylated secondary antibodies for 1 h at
room temperature followed by streptavidin/biotin–horseradish
peroxidase at dilutions recommended by the manufacturer (Vector
Laboratories). Stained preparations were dehydrated and mounted
in DPX (Glaxo, India Ltd.) and observed using Nomarski optics.
401Specification of Olfactory Sense Organs by lozenge
Copyright © 1998 by Academic Press. All rights of reproduction in any form reserved.
RESULTS
Regional and Temporal Expression of Lz in the
Developing Antennal Disc Correlates with the
Selection of the FCs
Temperature-shift experiments using a lz conditional
allele—lzts1—suggest that the phenocritical period of lz1
requirement for the development of the olfactory sense
organs lies between 10 h prior to puparium formation and
8 h after puparium formation (data not shown; Stocker et
al., 1995). This means that lz1 activity is required in the
disc epithelium significantly earlier than the appearance of
the first FCs. The appearance of FCs has been charted by
following b-galactosidase activity in the enhancer-trap
strain neuA101 (Huang et al., 1991). The first set of FCs are
observed at 0 h APF and increase in number until 24 h APF
(Table 1) (Ray and Rodrigues, 1995; Reddy et al., 1997).
Immunohistochemical experiments revealed that Lz is
first expressed in the antennal disc during the third-instar
larval stage and continues until ;10 h APF (not shown).
The temporal expression of the protein therefore correlates
well with the phenocritical period for gene activity as seen
by temperature-shift experiments. In antennal discs from
third-instar larvae, Lz is expressed in three semielliptical
domains (denoted 1, 2, and 3 in Fig. 1A). The expression is
dynamic, arising first in the outermost domain (row 3) and
subsequently in domains 2 and 1. In discs from wandering
third-instar larvae, domain 3 is about three to four cells
wide (Fig. 1B); rows 1 and 2 increase in intensity and also
broaden to become three to four cells wide by 4 h APF (data
not shown).
We observed that FCs arise in the same sequence as the
Lz immunoreactivity, albeit shifted by 6–8 h. We first
detected FCs at 0 h APF within row 3 (Fig. 1C) and
subsequently in rows 2 and 1. The FCs which had arisen
earlier (in domain 3) show a stronger reporter activity than
the newly selected cells in the other two domains. A
comparison of the b-galactosidase expression in a neuA101
disc (Fig. 1C) with a disc monitored for Lz expression (Fig.
1B) suggests that the FCs arise from within Lz-expressing
domains and that Lz is expressed in the epithelium several
hours before the appearance of the progenitors.
lz1 Affects Founder Cell Formation in Specific
Domains of the Disc
We counted the numbers of FCs in the developing anten-
nal disc at 0, 4, and 10 h APF (Table 1). In the wildtype, FCs
first appear at pupariation and by 10 h APF we observe
144 6 9 FCs in a characteristic pattern in the developing
antennal disc (Fig. 2A). At this stage the majority of FCs are
still isolated and the formation of PSCs has only just begun
at the periphery of the disc.
Strong alleles of lz remove basiconic and trichoid sense
organs on the antenna, but do not affect the sensilla
coeloconica. In such amorphic mutant combinations, only
;70 of the 150 FCs which are normally observed at 10 h
APF form (Fig. 2B). The locations of these cells in the disc
resemble the pattern of expression of Ato (Figs. 2C and 3C),
and ato expression is not affected in discs from lz mutants
(not shown). Weak lz alleles predominantly affect the
sensilla basiconica (see below). The domain of affected FCs
in discs from these animals is indicated by the dotted lines
in Fig. 3B and the domains of Lz expression are shown in
Fig. 3A. Thus the FCs for the sensilla basiconica are found
in a subdomain of Lz expression.
In strong alleles of lz, the number of missing sensilla, and
therefore FCs, is estimated to be approximately 300. Exami-
nation of wild-type antennal discs during the period when
Lz expression is observed (up to 10 h APF) reveals an
average of about 150 FCs. Of these ;80 correspond to
ato1-requiring cells, whose presence does not depend upon
lz1 (Fig. 2C) (Gupta and Rodrigues, 1997). Thus, only ;70
FCs which could be influenced by lz1 activity are actually
formed when the gene is being expressed. This implies that
an additional ;230 FCs are dependent on lz 1 function but
develop after Lz expression is greatly reduced. FC choice is
made in about 20–30 cells every hour up to 24 h APF. Lz is
expressed from the late third-instar larval stage until 10 h
APF. The close correspondence of Lz expression and its
phenocritical period suggest a role in affecting cell fates
TABLE 1
Founder Cell Number in the Antennal Disc of Wildtype and lz Mutants
Developmental stage
(25°C)
Genotype
CS lz114 lz216 lzr1 lzts1
0 h APF 33 6 3 12 6 1 8 6 1 8 6 2 18 6 2
4 h APF 56 6 7 43 6 5 22 6 4 23 6 5 ND
10 h APF 144 6 9 98 6 8 71 6 6 67 6 8 90 6 10
Note. lz mutants were crossed into a neuA101 genetic background. The FCs were visualised by staining discs with an antibody against
bacterial b-galactosidase. Except for lzts1, all strains were reared at 25°C; lzts1 was pulsed at 29°C from the second-instar larval stage until
the time at which the discs were to be analysed. Developmental time was normalised to growth at 25°C. Values represent the means and
standard deviations of numbers of cells from at least five different preparations (ND, not done).
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after its expression levels have reduced, rather than our
inability to detect Lz later in development.
The Relationship between an Allelic Series of lz
Mutations and Their Phenotypes: A Dose-
Dependent Effect on Sense Organ Fate
Data presented in the previous sections show that the
selection of FCs is affected in all lz alleles examined. The
different alleles were classified as “strong,” “intermediate,”
or “weak” based on their effect on the olfactory sense
organs (Stocker et al., 1995). In order to investigate the
possible effect of dosage of lz1 function on the strength of
the phenotype, we chose a set of partial loss-of-function and
molecularly characterised null alleles for a detailed analy-
sis. lzr1 was generated by excision of the P element from the
lzSprite allele and is deleted for the entire lz coding region
(Daga et al., 1996). The allele lz114 is an intragenic mutation
which was isolated as an enhancer of the lzts1 phenotype
and still shows temperature sensitivity (Gupta and Ro-
drigues, 1995). Analysis of lzts1 and lz114 in trans with a
deficiency that uncovers the lz region (Df(1)10-70d) showed
that both alleles are hypomorphic, producing less lz1 func-
tion at higher temperatures of growth. Comparison of the
extent of phenotype of lz114 homozygotes with lz114/
Df(1)10-70d suggests that this allele produces residual lz1
activity when reared at 25°C but is amorphic at 28°C. lzts1
is hypomorphic, showing a more extreme phenotype in
trans with the deficiency than as a homozygote, at all
temperatures tested.
The numbers and distribution of sense organs on the
third segment of the antenna can easily be examined in
whole-mount preparations (Figs. 4A and 4J). There are
regions which contain exclusively sensilla trichoidea (en-
larged in Fig. 4B) or sensilla basiconica (enlarged in Fig. 4C).
All the mutations that we examined led to a reduction in
numbers of sensilla basiconica (Fig. 5A). The severity of the
phenotype correlated well with the strength of the allele
being tested (lzr1. lz114 at 25°C . lzts1 at 25°C). In both the
temperature-sensitive strains—lzts1 and lz1142—the num-
bers of basiconic sensilla were more severely affected when
flies were reared at higher temperatures (Gupta and Ro-
drigues, 1996). Hence, lz1 function is essential for the
development of the basiconic sense organs.
The effect of lz1 on the development of the sensilla
trichoidea is somewhat more complex. The weak allele lzts1
grown at 25°C does not show any reduction in trichoid
numbers (Fig. 5A). In mutants of intermediate strength, for
example lzts1 reared at 28°C or lz114 reared at 25°C, the
numbers of trichoid sensilla were actually increased over
the wild-type numbers (Figs. 5A, 4D–4F, and 4K). The
trichoid region of the antenna was largely unaffected (ar-
rows in Fig. 4E) but several “ectopic” sensilla trichoidea
appeared in the region of the antenna occupied exclusively
by sensilla basiconica in the wildtype (arrows in Figs. 4F
and 4K). A few bristles with morphology intermediate
FIG. 1. Expression pattern of Lz in the late third-instar antennal disc. (A) Lz expression can be seen in three semielliptical rows in the third
antennal disc anlage (denoted 1, 2, and 3). The boxed-in region is enlarged in (B) and (C) A region of 2-h APF antennal disc from the neuA101
is shown for comparison to indicate the domains of FC selection.; ar—arista. Scale bar, 40 mm for A and 20 mm for B and C.
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between basiconica and trichoidea were observed, suggest-
ing the possibility of interconversion of bristle types in
these mutants (not shown).
In stronger mutant combinations produced by rearing
lz114 at 28°C, and in the amorphic mutant- lzr12 the
numbers of trichoid sensilla were drastically reduced (Figs.
4G–4I, 4L, and 5A). In the complete absence of lz1, about 50
of the ;140 sensilla trichoid still formed. These sensilla
were randomly placed on the antennal surface (arrows in
Figs. 4I, 4L, and 7B) and do not allow us to conclude
whether they represent a defined subset of sense organs that
develop independently of lz1. The apparent “mislocaliza-
tion” of sensilla could be a consequence of a general
reduction of antennal size which is observed in most strong
alleles of lz.
The sensilla coeloconica do not appear to require lz1
function for their development. None of the lz mutations,
including lzr1, significantly affect the numbers of sensilla
coeloconica (Fig. 5A). Closer examination, however, re-
vealed that several of these sensilla had defects in their
shaft morphology (data not shown; Riesgo-Escovar et al.,
1997). This suggests that while lz1 function is not essential
FIG. 2. Developmental defects in the antennal disc of null lz mutants. (A) 10-h APF antennal disc from a neuA101/TM6-Tb animal stained
using an antibody against bacterial b-galactosidase. (B) A disc at the same stage from a lz null animal in the neuA101/TM6-Tb background.
(C) antennal disc from wild-type animal stained with an antibody against Ato. Arrows in A and C indicate FCs in the third antennal
segment of the disc; arrowheads indicate the sensory precursors in the anlage of the second antennal segment. Ar—arista. Scale bar, 40 mm.
FIG. 3. Diagrammatic representation of events in the 10-h APF antennal disc. (A) Lz expression occurs in three semielliptical domains in
the disc epithelium. (B) The FC arise from within these domains. There are additional regions in which Lz is not expressed and which also
give rise to FCs. The dotted line demarcates a region which is devoid of FCs in mutants in which only the sensilla basiconica are affected.
FCs in this region must therefore give rise predominantly to the basiconic sense organs. (C). Region of expression of the proneural gene ato.
Ar—arista; III—third segment; II—second antennal segment; I—first antennal segment.
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for the specification of the coeloconic sensilla, it could be
required for the later differentiation of the sense organs.
In summary, the analysis described above suggests that
the lz locus is essential for development of all the sensilla
basiconica and the majority of sensilla trichoidea. The
observation that at intermediate levels of lz1 activity there
is an increase in number of trichoid sensilla and a decreased
number of sensilla basiconica can be explained by proposing
that some sensilla basiconica have converted to sensilla
trichoidea. In the model presented in Fig. 6, we propose that
the trichoid domain (T) and the basiconic domain (B) of the
antennal disc are differentially sensitive to lz1 activity. In
both domains the dosage of lz1 activity required to specify
sensilla basiconica is higher than that for trichoid sensilla
FIG. 4. Cuticular mutants of the third segment of the antenna of wild-type and mutant adults. (A–C) Wildtype; (D–F) lzts1 reared at 28°C;
(G–I) lz114 reared at 28°C The three types of olfactory sense organs are located in a distinct pattern on the antennal surface—sensilla
basiconica (B in Fig. 1A), sensilla trichoidea (T in Fig. 1A), and sensilla coeloconica which are found mainly in the mixed region (M). The
region denoted T is enlarged in the second column for each genotype (B, E, and H ) and B is enlarged in the third column (C, F, and I). Scale
bars for the first column, 35 mm; for the enlarged pictures in the second and third columns, 8 mm. The diagrams in J, K, and L summarise
the location and numbers of sensilla in A, D, and G, respectively.
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FIG. 5. Numbers of olfactory sense organs on the antennal surface in different genotypes. The numbers of basiconic sensilla (BS), trichoid
sensilla (TS), and coeloconic sensilla (CS) from male antenna were estimated. (A) Numbers of antennal sense organs from wildtype (WT)
and several lz mutants. The data for the Canton-S strain are shown here although data from several other genetic backgrounds (yw, w1118,
and yv ) are not significantly different. (B) Effect of expression of the hs-lz transgene in the null allele lzr1. Unpulsed lzr1; hs-lz/1 and pulsed
lzr1 animals served as controls and these antennae were not significantly different from that of lzr1. Antenna from pulsed 1; hs-lz/1 animals
were comparable to those from the wild-type strain. (C) Effect of expression of the hs-lz transgene in the intermediate allele lz114. Unpulsed
lz114; hs-lz, and pulsed lz114 animals were controls and these antennae were not significantly different from that of lz114. (D) Effect of
overexpression of the hs-lz transgene in the w1118 background. Overexpression of lz in the WT led to high levels of lethality and we were
only able to recover 3 of 250 such animals. The data are individually represented. The sensillar numbers in the w1118; hs-lz/CyO males
which are not pulsed are indistinguishable from those of WT. With the exception of those shown in (D) all histograms represent the means
and standard deviations of sensilla numbers of at least 10 different antennae.
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but the thresholds of requirement differ within the two
domains. Hence, in alleles of moderate strength, lz1 activ-
ity in domain T is sufficient for production of normal sense
organs, but the lowered level in domain B is below the
threshold for sensilla basiconica yet can still allow sensilla
trichoidea to form.
Dose Dependence of Lz Function Revealed by
Overexpression from a Transgene in Different
Genetic Backgrounds
The model discussed above (Fig. 6) predicts that an
increase of lz1 activity in the wildtype and in different
hypomorphic and amorphic mutant backgrounds would
have consequences in selection of sense organ type which
are expected to be different in the two domains. This model
also implies that in the wildtype, cells located in different
regions of the disc experience different levels of lz1 activity;
high levels stimulate a basiconic fate while intermediate
levels promote development of trichoid sensilla. However,
immunohistochemical staining for Lz expression does not
reveal any visually discernible difference between the re-
gions where sensilla basiconica will form and the rest of the
domains of expression (Fig. 3B).
We studied the sensitivity to levels of lz1 expression on
the development of the antennal sense organs, using a
transformant carrying the lz1 cDNA under regulation of
the heat shock (hsp-70) promoter. We pulsed animals car-
rying the transgene, at 37°C, during the third-larval or early
pupal stage so as to increase Lz levels during the stages
when the gene product was required for development of the
olfactory sensilla. In the wild-type background this treat-
ment resulted in a high degree of lethality; greater viability
was achieved when the heat-shock treatment was built
upon different mutant combinations. In all the mutant
combinations examined, heat-pulses given “outside” the
phenocritical period, or an absence of a temperature shift
during development, did not lead to any discernible alter-
ation in phenotype of the background strain. Moreover,
very similar effects were noted independent of the precise
time during the phenocritical period when the transgene
was induced.
Lz protein was not detected in the antennal discs from
lzr1 animals by staining with an anti-Lz antibody; induction
of the hs-lz transgene in this background produced low-
level ubiquitous expression. In such animals the numbers
of sensilla trichoidea were restored to wildtype (Fig. 5B) and
these were found at their normal location on the antennal
surface (Figs. 7A–7D and 7J). This suggests that the level of
lz1 activity generated by the hs-lz transgene is sufficient to
specify sensilla trichoidea in the domain T (Fig. 6). Inter-
estingly, the ectopic trichoid sensilla which are observed in
FIG. 6. Model for the action of lz1 in the specification of sensilla basiconica and trichoidea in the antenna. The model assumes two
distinct thresholds of lz1 activity for the specification of FCs of the trichoid and basiconic type. It also supposes the presence of two regions
of the disc at which levels of lz1 activity differ: Domain T, where the gene activity is low resulting in trichoid FCs, and Domain B, where
the higher lz1 activity results in basiconica. We propose a dosage level in Domain B (I) which is too high to specify trichoidea fate, but below
the threshold for stimulating basiconica. Such a dosage does not exist in Domain T. Hence weak alleles (lzts1) will only affect Domain B
since the gene activity drops close to I. In the moderate allele (lz114), lz1 activity is at a level which can specify sensilla trichoidea in both
domains. When lz1 activity is increased to different levels by activation of the hs-lz transgene in hypomorphic and amorphic alleles, the
change in sense organ fates depends on the dosage of gene activity generated and the domain of the disc where the precursor resides.
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the domain B in lzr1 animals are not formed nor are any
sensilla basiconica specified (Fig. 7J). This implies that high
levels of lz1 activity in domain B actually “inhibit” produc-
tion of sensilla trichoidea. The level induced in this domain
is, nevertheless, still below the threshold required for
formation of the basiconic sensilla (Fig. 6).
In the “intermediate” allele lz114, we observed a normal
spatial and temporal expression of Lz in antennal discs
although the level of expression was significantly lower
than that in the wildtype. Activation of the hs-lz transgene
in this background resulted in an increased number of
sensilla basiconica (Fig. 5), but rather surprisingly, these
FIG. 7. Effect of misexpression of lz1 in the antenna of different lz mutants. (A and B) lzr1, (C and D) lzr1; hs-lz, (E and F) lz114; hs-lz, (G
and H) lz50e; hs-lz. The tip of the antenna which, in the wildtype, is occupied largely by sensilla trichoidea is enlarged in B, D, F, and H (scale
bar, 8 mm). Arrows indicate the sensilla trichoidea and arrowheads indicate the ectopic sensilla basiconica. Scale bar for A, C, E, and G, 35
mm. (I–L) The location and numbers of sensilla in A, C, E, and G, respectively.
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were all located in the trichoid domain (arrowheads in Fig.
7F). The basiconic domain was relatively devoid of sense
organs (Fig. 7K). This result is also consistent with the
explanation presented above that certain levels of lz1
generated are inhibitory to formation of sensilla trichoidea
in domain B and still below the threshold required for
specification of sensilla basiconica (Fig. 6). High Lz expres-
sion in Domain T can, however, convert all sense organs to
a basiconic type.
The most striking observations were made when lz1 was
overexpressed in the background of allele lz50e (Figs. 7G and
7H) or in wild-type animals. In both cases there was a
dramatic increase in the numbers of basiconic sensilla
numbers with a small but significant decrease in numbers
of sensilla trichoidea (Fig. 5D). Several basiconic sensilla
were found to be located in regions of the antenna where
sensilla trichoidea are normally found (arrowheads in Fig.
7H) and we observed a number of sensilla which could not
easily be classified as trichoid or basiconic sensilla. These
intermediate sensilla were also located where the trichoid
sensilla are normally found (data not shown). However, the
increase in sensilla basiconica was not compensated com-
pletely by a decrease in the numbers of sensilla trichoidea.
This means that apart from a conversion of sensillar types,
high levels of Lz could also result in the generation of
ectopic olfactory sense organs.
DISCUSSION
Lz Is Involved in the Selection of Sense Organ
Type in the Drosophila Antenna
We have shown that Lz is expressed in the antennal disc
in domains of cells from which sense organ precursors arise.
Expression occurs significantly earlier than the appearance
of the FC and correlates well with the phenocritical period
of lz1 requirement during sense organ development. In all
the lz mutants examined, a subset of FCs fails to form
within these domains. Overexpression of lz1 activity re-
sults in alterations of sense organ fate and in an incorrect
placement of the sensilla on the surface of the antenna.
Lz could affect sense organ type by its participation in any
of the following processes. (1) lz could act as a proneural
gene selecting the precursors of the sensilla basiconica and
trichoidea. In the Drosophila central nervous system, pro-
neural genes have been demonstrated to specify aspects of
neural identity, in addition to their well-established role in
conferring competence to cells to acquire neural fates
(Skeath and Doe, 1996). However, the predicted Lz product
does not satisfy requirements for a proneural gene in the
antenna. Ectopic expression of a negative regulator of bHLH
transcription factors (Emc) in the antenna was shown to
interfere with the development of all sense organs, suggest-
ing that bHLH proteins with which Emc can interact are
present. The proneural gene for the sensilla coeloconica was
shown to be Atonal and the genes specifying the other two
types of sense organs remain unknown, although they
probably encode bHLH transcription factors (Gupta and
Rodrigues, 1996). Sequence analysis of the predicted Lz
product suggests that it contains a domain with a striking
similarity to the Runt domain (RD) family of transcription
factors in its DNA binding and protein-dimerization do-
main (Daga et al., 1996). The proneural genes of the AS-C as
well as ato are expressed in an a equivalence group, provid-
ing cells with the competence to take on neural fates. The
cell that is singled out to become the neural precursor
expresses higher levels of the proneural gene than its
epidermal neighbours ( reviewed in Jan and Jan, 1993). The
Lz protein, on the other hand, is expressed in broad domains
in the disc epithelium, presumably well before the process
of FC selection takes place, and expression declines in all
cells almost simultaneously. Thus the sum of evidence
does not favour Lz playing a direct proneural function. (2) Lz
could act to influence the response of “uncommitted” cells
to proneural gene activity. The expression of Lz in the
epidermis prior to FC appearance as monitored in the
neuA101 strain is consistent with such a role. The newly
identified gene klumfuss (klu), which encodes a zinc-finger
transcription factor of the EGR family, has been postulated
to play a comparable role in the specification of the SOP
(Klein and Campos-Ortega, 1997). Interestingly, klu muta-
tions also affect the numbers and positioning of the sense
organs on the antenna (a Bhagwati Gupta, unpublished). (3)
Lz could play a role as a prepatterning gene, hence deter-
mining the position and fate of sense organs on the surface
of the epidermis. The prepatterning genes that have been
identified so far have been shown to express in large
domains in the undifferentiated ectoderm and to act by
controlling the expression of the proneural genes (Raman et
al., 1993; Gomez-Skarmeta et al., 1996; Simpson, 1996).
The expression pattern as well as loss-of-function and
gain-of-function phenotypes is consistent with a prepat-
terning role for Lz.
lz1 Dosage Decides the Choice of Fate between
Sensilla Basiconica and Sensilla Trichoidea
The analysis of an allelic series of lz mutations leads us to
propose that high levels of lz1 activity specify the develop-
ment of basiconic sensilla, while moderate levels result in
sensilla trichoidea. This implies that, in the wildtype, there
are at least two different regions in the disc, with different
strengths of lz1 activity (denoted Domain T and Domain B
in Fig. 6). In weak hypomorphic alleles, the reduction in lz1
activity only affects the threshold for sensilla basiconica,
resulting in a reduction in the numbers of these sensilla. In
moderate alleles, lz1 activity falls below the threshold for
sensilla basiconica development but the trichoid sensilla
can still develop. This results in a change of fate of the FCs
in the basiconic region to trichoidea. In strongly hypomor-
phic and null alleles, lz1 activity falls below the threshold
for specification of both the trichoid and the basiconic
sensilla. A small number of sensilla trichoidea can, how-
ever, develop in these animals, suggesting the presence of
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other genes that can partially compensate for loss of lz
during sense organ development.
This model therefore proposes that sense organ identity is
determined by the dosage of lz1 activity. Stocker et al.
(1995) had previously proposed that the time of action of the
lz gene determined the choice between sensillar type.
However, results from experiments using the hs-lz trans-
gene favour the idea that dosage of lz1 activity in different
regions of the disc determine sense organ type. Increases in
Lz protein using a heat-shock regimen at identical times
during pupal life induce sensilla basiconica or sensilla
trichoidea depending on the level of residual gene activity
in the background strain. An increase in lz1 activity in the
genotype lz114; hs-lz/1 resulted in the conversion of most of
sensilla trichoidea to basiconica. The sense organs in the
basiconic domain which were absent in the lz114 mutant
could not be rescued by heat-shock induction of Lz, sug-
gesting the differential sensitivities of the two domains to
lz1 activity. Increases of gene activity over wild-type levels
in the w; hs-lz/1 genotype also resulted in ectopic basiconic
sensilla in the “pure” trichoid region. The increase in
basiconic sensilla cannot be fully accounted for by a con-
version of trichoid sensilla, implying that high levels of lz1
activity can result in the formation of additional FCs which
take on a basiconic fate. While more complex models are
possible—such as those which take into account the tem-
poral consequences of high Lz expression—the simplest
explanation which is consistent with the data is a direct
dose-dependent effect of Lz. This is further strengthened by
the observation that there is no temporal change in Lz
expression in the hypomorphic alleles examined. Further
induction of the hs-lz transgene at any time within the
phenocritical period resulted in qualitatively similar re-
sults.
The suggestion that Lz specifies cell fate to the sensory
progenitors in a dosage-dependent manner raises several
testable hypotheses about its mechanisms of action. One
possibility is that the expression of lz varies over the disc
epithelium, thus specifying basiconic sensilla in the region
where expression levels are high and trichoidea in the lower
regions. The resolution of our antibody-labelled prepara-
tions and the dynamic nature of Lz expression precluded an
estimation of protein levels in the disc. Alternatively the
dosage sensitivity of lz1 activity could depend not on Lz
levels per se but on other molecular partners that interact to
generate different levels of activity. Interestingly, the seg-
mentation gene, runt, has recently been shown to be
required for the specification of a subset of neuroblasts in
the embryonic CNS (Dormand and Brand, 1998). Misexpres-
sion of Runt in all neuroblasts of the CNS still alters the
fates of only a subset of cells, suggesting that Runt requires
other factors for its role.
Members of the RD family of transcription factors, in-
cluding PEBP-2A and AML1, are capable of binding DNA
weakly as monomers but their activity is greatly enhanced
when they act as heterodimers (Kagoshima et al., 1993).
runt has been shown to function in a dosage-sensitive
fashion in patterning the larval epidermis and has recently
been shown to bind the products of the brother and big
brother genes (Tsai and Gergen, 1994; Golling et al., 1996).
Biochemical studies have shown that Runt induces bending
of DNA and could thus have important functional implica-
tions on transcriptional regulation of cis elements. Runt on
its own exists in a conformation that binds DNA poorly;
interaction with brother or big brother gene products en-
hances DNA binding. It seems possible that different levels
of Lz or its interaction with region-specific factors results in
differential regulation of genes conferring sensillar cell fate.
A promising means of identifying other players in any
genetic pathway is to identify second-site modifiers of
mutant phenotypes (Gupta and Rodrigues, 1995). Analysis
of a number of dominant enhancers suggests distinct
mechanisms of lz action in photoreceptor development
compared with its role in the antenna. During eye develop-
ment, Lz has been shown to negatively regulate the steroid
hormone receptor superfamily member, seven-up (svp),
which is normally expressed in the photoreceptors R1/R6
and R3/R4. Loss of lz function results in svp expression in
R7 and the cone cells, in addition to R1/R6 and R3/R4 (Daga
et al., 1996; Crew et al., 1997). In addition, Lz has been
shown to positively regulate the expression of the ho-
meodomain protein Bar (B) (Daga et al., 1996). B is expressed
in photoreceptors R1/R6 and is required for their proper
development. Neither Svp nor B is expressed in the devel-
oping antennal disc during the time when lz1 activity is
essential. Svp expression is detected later in olfactory
sensillum development where it is localised in the nonneu-
ronal support cells of the sense organs. This expression of
Svp is not altered in null alleles of lz (B. Gupta and Aparna
Aiyer, unpublished). These preliminary observations sug-
gest that the pathway through which Lz acts in sensillar
type selection in the antenna does not involve either Svp or
B and is likely to be distinct from that previously described
during eye development.
Further genetic and molecular studies are required to
unravel the role of Lz in specifying pattern and in conferring
fate to the sensory precursors. Identification of genes that
participate with lz in the development of olfactory sense
organ is a promising means of gaining a handle on the
unidentified proneural genes and other genes that play key
roles in the acquisition of cell fate.
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